INTRODUCTION
Epitope tagging has led to a versatile genetic strategy enabling rapid and effective immune-activity generation of the target proteins against commercial antibodies (1) . Two approaches have been used to insert a tag into the target protein. The first approach uses an expression plasmid that already encodes the epitope sequence, while the other employs the PCR-based direct insertion of the epitope encoding sequence into the chromosome loci of the target protein (1, 2) . The latter approach allows for not only the deletion of target chromosome loci, but also for the insertion of heterologous DNA into the genome with single base pair precision. However, gene disruption and epitope tagging in Escherichia coli using linear double-stranded DNA fragments is inefficient due to the exonuclease activity present in E. coli (3) . Recently, the effectiveness of the bacteriophage λ Red recombination system brought a solution to the problem (4) . Using the system, researchers have developed a method that uses PCR-based gene disruptions to inactivate chromosomal genes in E. coli (5) . Along these same lines, a modified system was designed to generate protein fusions in Salmonella (6) that successfully used immunological methods to detect single epitope-tagged proteins. However, the low detection sensitivity limited its ability to carry out most experimental applications.
Detection sensitivity is one of the most important aspects of epitope tagging due to the inherent low abundance of tagged proteins (e.g., transcription factors) being analyzed. Thus, it is highly desirable to use tandem copies of the epitope tag to improve the signal-to-noise ratio. One of the main concerns of tandem epitope tagging is that the introduction of multiple epitope tags could potentially affect the function of target proteins (1) . Most proteins accepted a tag at one or both termini without significantly affecting function, however, it is not known if the introduction of tags elsewhere in the protein affects function. Also, no simple relationship has been established between the size of the tag and how well it is tolerated.
Although a great deal of effort has been devoted to developing efficient tagging systems, what seems to be lacking is a versatile tandem epitope tagging system based on PCR and λ Red-mediated recombination. To address this need, a series of template plasmids carrying tandem epitope sequences have been constructed, and a method has been applied whereby PCR-generated fragments containing the tandem epitope sequence, Flp recombinase target (FRT) sites, and an antibiotic resistance gene, flanked by homologous sequences of the gene of interest, are inserted into the E. coli chromosome. This method of tandem epitope tagging has several advantages. It does not require prior cloning of the gene and can be used to precisely tag proteins within the E. coli chromosome. The Flp recombinase allows for the removal of the antibiotic resistance gene from the inserted heterologous PCR fragment once the correct orientation is confirmed. The use of tandem tags potentially enables use in more stringent experimental conditions to increase the signal-to-noise ratio in further experimental applications. Another significant advantage of this tagging method is the library of constructed template plasmids, which provides a resource allowing for the rapid construction of an array of tandem-tagged proteins that can be tested for functionality. and heated at 65°C for 2 min. The primer mixtures were then phosphorylated using 40 U T4 polynucleotide kinase (Stratagene, La Jolla, CA, USA) at 37°C for 1 h. After the enzyme was inactivated at 70°C for 10 min, the mixture was cooled to room temperature. The crossover PCR was performed using 1.5 μM phosphorylated oligonucleotide primer mixture in a final volume of 100 μL containing 5 U Stoffel fragment of Taq DNA polymerase (Perkin Elmer, Wellesley, MA, USA). PCR amplification conditions were 30 cycles with 30 s denaturation at 94°C, 30 s annealing at 60°C, and 30 s extension at 72°C. The PCR product was purified and inserted into Novagen ® pSTBlue-1 (EMD Biosciences, Madison, WI, USA) using blunt-end ligation and confirmed by DNA sequencing. A DNA fragment, which contained the flanking FRT sites and kanamycin resistance gene, was amplified from pKD13 (5) using primers carrying oligonucleotide extensions with HindIII and SacI restriction sites. The PCR product was cleaved by HindIII/SacI and then ligated into the HindIII/SacI cleaved pSTBlue-1:(n)-Myc or pSTBlue-1:(n)-HA to obtain the pBOP5 and pBOP6 series, respectively.
MATERIALS AND METHODS

Construction of Template Plasmids
Tandem Epitope Tagging to E. coli Transcription Factors
The linear DNA fragments were amplified using pairs of primers 81 bp in length, which included 61-bp homology extensions plus 20-bp priming sequence from pBOP502 (2× myc), pBOP504 (4× myc), pBOP506 (6× myc), or pBOP508 (8× myc) using PCR Master mix (Qiagen, Valencia, CA, USA) with 0.1 μL pfu DNA polymerase (Stratagene) added into 25 μL PCR Master mix prior to the PCR. Each PCR product was purified, digested with DpnI, repurified, and then electroporated into E. coli MG1655 harboring pKD46 (which expresses the Red recombination system under the control of an inducible promoter) (5) . The cells were then incubated at 37°C for 1 h in 0.9 mL of SOC and spread onto LB-agar medium to select for kanamycin resistance. Following the confirmation of tagging by colony PCR, enzyme digestion assay, and DNA sequencing, pCP20 (5) was transformed into electrocompetent cells. Chloramphenicol-resistant transformants were selected at 30°C and then grown in liquid LB overnight at 43°C. The cells were incubated overnight on LB plates to obtain isolated colonies and then tested for loss of both kanamycin and chloramphenicol resistance.
Chromatin Immunoprecipitation
Fifty-milliliter cultures of cells carrying 8× myc-fused transcription factor were grown in M9 minimal media containing 2 g/L glucose at 37°C. The cultures were grown in triplicate, three cultures were fully aerated, and three cultures were constantly sparged with a mixed solution containing 90% nitrogen and 10% carbon dioxide. When the aerobic and anaerobic cultures reached an absorbance of approximately 0.6 and 0.25, respectively, the cells were crosslinked by 1% formaldehyde at room temperature for 30 min. Following the quenching of unused formaldehyde with 125 mM glycine at room temperature for 5 min, the cross-linked cells were harvested by centrifugation and washed three times with 50 mL icecold Tris-buffered saline [20 mM Tris, pH 7.4, 0.9% NaCl (TBS); Sigma, St. Louis, MO, USA]. The washed cells were resuspended in 0.5 mL lysis buffer composed of 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, protease inhibitor cocktail (Sigma), and 1 kU lysozyme (EPICENTRE, Madison, WI, USA). The cells were incubated at room temperature for 30 min and then treated with 0.5 mL 2× IP buffer [90 mM Tris-HCl, pH 7.5, 200 mM NaCl, 1 mM EDTA, 2% Triton ® X-100, 2% Nonidet ® P40 (NP40), and protease inhibitor cocktail]. The lysate was then sonicated four times for 20 s each in an ice bath to fragment the chromatin complexes. Cell debris was removed by centrifugation at 15,800× g at 4°C for 10 min, and the resulting supernatant was used as cell extract for immunoprecipitation. To remove nonspecific DNA binding to the magnetic beads (Dynabeads ® M280 Streptavidin; Dynal Biotech, Brown Deer, WI, USA), the washed magnetic beads were added into the sonicated cell extract. After a 5-h incubation at 4°C, the supernatant was recovered, and 10 μg biotin conjugated anti-c-myc antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were added. They were then incubated at 4°C overnight, and the washed magnetic beads were added into the mixture. After overnight incubation at 4°C, the beads were washed twice with the 1× IP buffer, twice with the wash buffer I (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1% Triton X-100, 1% NP40, 1 mM EDTA), twice with wash buffer II (10 mM Tris-HCl buffer, pH 8.0, 250 mM LiCl, 0.5% NP40, 0.5% Triton X-100, 1 mM EDTA), and twice with TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). After centrifugation for 30 s at 850× g, the immunoprecipitated DNA-protein complexes were eluted from the beads by adding 50 μL elution buffer [50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% sodium dodecyl sulfate (SDS)] and incubated at 60°C for 20 min. The isolated DNA-protein complexes were mixed with 120 μL TE buffer with 1% SDS and then reverse cross-linked at 65°C overnight. After reversal of cross-links, proteins in the DNA sample were removed by incubation with 120 μL of proteinase K solution (2% glycogen, 5% 20 mg/ mL proteinase K, TE buffer) for 2 h at 37°C. The sample was then purified with a QIAquick ® PCR purification kit (Qiagen). To monitor the enrichment of promoter regions, 1 μL immunoprecipitated DNA was used to carry out gene-specific reverse transcription PCR (RT-PCR). Three individual reactions were carried out, one with the antibody [specific DNA chromatin immunoprecipitation (ChIP) sample], one without the antibody (nonspecific DNA ChIP sample), and one using the total DNA sample (total DNA ChIP sample) as a control. The acpP promoter sequence was used as a negative control in all cases.
Western Blot Analysis
Each sample was subjected to electrophoresis in a SDS-10% polyacrylamide gel, and the resolved proteins were electrotransferred to a Hybond™-ECL membrane (Amersham Biosciences, Piscataway, NJ, USA).
The ECL™ Western detection kit (Amersham Biosciences), mouse monoclonal 9E10 antibody (Santa Cruz Biotechnology), and horseradish peroxidase (HRP)-conjugated sheep anti-mouse immunoglobulin G (IgG) (Amersham Biosciences) were used to detect the tandem-myc tagged proteins. Fifty milliliters BCA protein assay kit (Pierce, Rockford, IL, USA) were used to measure the amount of protein in the isolated protein solution.
RESULTS AND DISCUSSION
The template plasmids encode two priming sites, the repeated tag sequence incorporating a stop codon, and the kanamycin resistance gene flanked by directly repeated FRT sites ( Figure  1A) . To demonstrate the functionality of the tandem epitope tagging system, we fused the tandem myc tag to Fnr and ArcA, E. coli transcription factors whose activity is modulated by oxygen availability (6) . Since regulatory proteins generally have a low abundance in cells, Fnr and ArcA are appropriate target proteins to demonstrate the advantages of the system. To confirm the correct insertion, five colonies were tested to verify the fusion of the tandem myc tag into the desired genome loci using colony PCR, which was carried out by using the P1/ P2 primer pair ( Figure 1B) . The PCR products obtained from the colonies have several restriction sites capable of one-step confirmation. Three DNA fragments were generated from the PCR product after HindIII/BamHI treatment ( Figure 1C) . The upper and middle bands were always the same size and contained the kanamycin resistance gene and open reading frame (ORF) region, respectively. The lower band contained the tandem myc tag encoding sequence and varied in size depending on the type of tag and the number of tag repeats. After overnight growth at 43°C, the antibiotic resistance gene and pCP20 were removed ( Figure  1D ). Western blot analysis revealed that the intensity of each Fnr-myc and ArcA-myc fusion was proportional to the number of tandem myc copies as expected (Figure 2A) . The 8× myc tag was also fused to six additional global E. coli transcription factors (8) using the method described here ( Figure  2B ). Following transformation of each PCR product into E. coli MG1655 harboring pKD46, the PCR verification and restriction assay indicated that 8× myc tag coding sequences were located at the end of each target chromosome loci.
In addition to the correct integration of the tandem epitope-encoding sequence into the desired locus, an important aspect in tandem epitope tagging is the observation of the proper function of tandem epitopefused proteins. Although numerous examples of successful tagging with tandem epitopes have been reported in the literature (6, 9, 10) , there is no simple relationship between the size of the epitope and protein function. In this study, we used an HA epitope that contains two aspartate residues (TyrPro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala), and a myc epitope that contains three glutamate and one aspartate residue (Glu-Gln-Lys-Leu-Ile-Ser-Glu-GluAsp-Leu). To address these potentially adverse effects, the proper function of 8× myc-fused Fnr and ArcA was confirmed using RT-PCR.
In a previous study (11) , known regulatory interactions by Fnr and ArcA exhibited differential expression in a perturbation analysis using Fnr and ArcA mutant stains. Among them, the dmsA gene regulated by Fnr was expressed approximately 25-fold higher under the anaerobic condition relative to the aerobic condition in the wild-type strain (11, 12) . While the regulation of dmsA was abolished in the FNR mutant strain, the E. coli BOP208 strain harboring the Fnr-8× myc fusion maintained positive regulation of the dmsA gene ( Figure 3A) under anaerobic conditions. However, the dmsA expression in the anaerobically grown BOP208 strain was slightly lower than in the wild-type strain. The slight decrease in expression of the dmsA gene in the E. coli BOP208 strain could be the result of a spatial disturbance due to the 8× myc tag at the C-terminal end (13) . Nevertheless, judging from the continued positive regulation of the dmsA gene, the 8× myc tag does not significantly affect the interactions between the DNA binding region of Fnr and binding sites in the promoter region. The mdh gene regulated by ArcA was expressed approximately 14-fold higher under aerobic conditions relative to anaerobic conditions (14) . While this negative regulation of mdh was abolished in the ArcA mutant strain, the E. coli BOP308 strain harboring the ArcA-8× myc fusion maintained negative regulation of the mdh gene ( Figure 3B) . As in the case with the BOP208 strain, the ArcA regulation of mdh expression was slightly reduced in BOP308 under anaerobic conditions. However, the effect of the 8× myc tag on transcriptional regulation of the mdh gene was unclear. Consequently, it was concluded that both tandem epitope-tagged Fnr and ArcA retained their function of transcription regulation over dmsA and mdh, respectively. Phenotypically, the specific growth rates of both BOP208 (0.461 ± 0.001) and BOP308 (0.452 ± 0.002) showed very little difference relative to the wild-type strain (0.486 ± 0.002) when grown anaerobically. This observation, along with the expression data shown earlier, demonstrates that although the epitope tags may have had some effect on ArcA and Fnr, the transcription factors clearly maintained most of their regulatory function.
Since the tandem tag did not affect the essential in vivo function of Fnr and ArcA, the recombinants can be used directly to demonstrate ChIP. This application has become very useful for cataloging protein-DNA interactions under a diverse set of physiological conditions (10, 11) . Typical ChIP experiments require an antibody for the isolation of the cross-linked chromatin complexes. Also, in the ChIP assay, the immunoprecipitation step requires highly stringent conditions, such as high salt and/or high detergent washing to reduce nonspecific binding of other DNA-protein complexes (15) . Affinity and specificity between antibody and target protein is therefore extremely important to maximize the recovery and increase the yield of isolated DNAprotein complexes while minimizing nonspecifically immunoprecipitated proteins. To determine the affinity and specificity between 9E10 antibody and tandem myc epitope in the ChIP procedure, the amount of isolated protein was measured. As shown in Figure 4 , A and B, approximately 60 ng protein were nonspecifically recovered from ChIP. The recovery yield depends on the number of fused myc tags. It was then determined whether the binding of Fnr-8× myc to the dmsABC and cydAB promoter regions was altered in the BOP208 strain under anaerobic conditions using ChIP and RT-PCR. The promoter regions of acpP and rrsA were used as a negative control, given that their expression had been previously shown to be unaffected in an Fnr mutant (8) . In the BOP208 strain, the DNA quantity of the acpP and rrsA promoter regions in both the specific and nonspecific DNA ChIP showed no significant difference. However, the DNA quantity of the dmsABC and cydAB promoter regions in the specific DNA ChIP sample was 30-and 32-fold higher than in the nonspecific DNA ChIP sample, respectively ( Figure  4C ). Judging from the enrichment of the known Fnr binding site, it was obvious that the 8× myc tag had little effect if any, on the DNA binding ability of Fnr. In the case of ArcA-8× myc, it was determined whether the mdh and sdhCDAB promoter regions were altered in the BOP308 strain under anaerobic condition. As shown in Figure 4D , the DNA quantity of the mdh and sdhCDAB promoter regions in the specific DNA ChIP sample was 21-and 27-fold higher than in the nonspecific DNA ChIP sample, respectively. Consequently, this PCR-based tandem epitope tagging system would be very useful to increase the signal-to-noise ratio in further experimental applications. The C-terminal fusion of tandem myc to global E. coli transcription factors was effective and did not result in a significant reduction in protein function. The detection sensitivity of the global transcription factors was enhanced by the tandem epitope tag on both Western blot analysis and ChIP. The results show that tandem epitope tagging in specific E. coli genome loci can be readily achieved using linear DNA fragments. The major advantages of this system are (i) the tandem epitope tag is rapidly and easily fused to a known location in the target gene; (ii) well-known and inexpensive commercial antibodies are used; (iii) proteins, protein complexes, and protein-DNA complexes can be purified; and (iv) various sizes of tandem epitope tags are available and can be chosen according to the nature of the target protein. 
